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ABSTRACT
To investigate the extent of seawater intrusion in the Liao
Dong Bay coastal plain, China, a numerical model for variable-density groundwater flow and miscible salt transport was
developed. The SEAWAT code was used to solve the density-dependent groundwater flow and solute transport governing equations. The simulation was conducted for 55
months from October, 2004 to April, 2009. The numerical
model was calibrated by the hydraulic heads measured in
April, 2009. Using the calibrated model and the same hydrogeological conditions in 2004, the extent of seawater intrusion prediction was conducted for the next 40 years. The
results show that the extent of seawater intrusion area will
increase in all geologic layers with nearly 6.2 km in the upper
Quaternary aquifer and 4.3 km in lower Quaternary aquifer for
40 years. In the Minhuazhen group aquifer, the maximum
speed of seawater intrusion is 62.2 m/yr. Therefore, some
protection of the freshwater aquifer from seawater intrusion in
the Liao Dong Bay coastal plain is imperative.

I. INTRODUCTION
Seawater intrusion is the movement of ocean water into
fresh groundwater due to natural processes or human activities.
With the fast-growing economy in the coastal regions, the
demands for water resource and the exploitation of groundwater have been increased. Consequently the established
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balance between fresh water and seawater has been disturbed
and hence resulted in extensive seawater intrusion into
groundwater.
A number of mathematical and numerical models have been
developed and used to predict the location and movement of
the seawater intrusion. Depending on the method of treating
the interface for simulation, these models can be grouped
into two broad categories: sharp interface and variable density
models where a wide interface zone separates the two fluids
[1, 12, 21]. The sharp interface assumption can be applied
only under certain conditions when the width of the transition
zone is relatively small compared with the thickness of the
aquifer.
The phenomenon of fresh water underlain by salt water is
quite a complex one. Fresh water and salt water are miscible
fluids, and a transition zone always exists between them in
coastal aquifers [9]. In reality the two fluids are separated by a
transition zone with a continuous upward gradient of salt
concentration from salt water below to uncontaminated water
above [12]. The transition zone will move landwards when
seawater intrusion occurs. The variable density model that
accounts for the effects of hydrodynamic dispersion may be
more practical as it provides more details concerning the
transition zone [1]. Therefore, most of the simulation codes
have been developed based on the variable density theory.
Several computer codes that can be used to simulate density-dependent groundwater flow have been developed [33].
In the last decade, there were several density-dependent
simulation codes developed based on the commonly-used
groundwater model [27], for instance, MODFLOW which was
developed by the U.S. Geological Survey [18, 29]. The major
and commonly-used MODFLOW-based computer codes are
SEAWAT [16, 17, 22], MOCDENS3D [31], MODHMS [14]
and the Sea Water Intrusion Package for MODFLOW [8]. All
these codes can be applied to case studies and have been
documented and tested with variable-density benchmark
problems. A comparison of these four codes was reviewed by
Langevin et al. [23].
A number of case studies on seawater intrusion based on
variable density theory in coastal area have been done. Andersen et al. [2] used a finite element model SWICHA [19] to
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simulate saltwater intrusion in Hallandale, located on the east
coast of Florida. A numerical simulation on saltwater intrusion in the unconfined coastal aquifer of Ravenna (Italy) was
made by Giambastiani [15] with the MOCDENS3D code.
El-Bihery [13] numerically simulated seawater intrusion of
Quaternary aquifer in Ras Sudr, Egypt by using MODFLOW
code and SEAWAT. Lin et al. [27] used SEAWAT code to
solve a variable-density groundwater flow and miscible salt
transport numerical model to investigate the extent of seawater
intrusion in the Gulf coast aquifers of Alabama, USA. Kopsiaftis et al. [21] constructed a quasi-three-dimensional variable density transport model for the unconfined aquifer located in the central part of Thira Island (Santorini) using the
iterative solving method by the software package of FEFLOW.
Bhosale used SUTRA [34] model to simulation of seawater
intrusion in Ernakulam coast [10].
The FEFLOW, SUTRA, and SEAWAT have been applied
on a variety of real-world and analytical problems. SUTRA
(Saturated-Unsaturated Transport) employs a two-dimensional
finite-element approximation of the governing equations in
space and an implicit finite-difference approximation in time.
This model is suitable for a simulation of the vertical section
of aquifer that is subject to seawater intrusion. On the other
hand, FEFLOW is a finite-element package for simulating 3D
and 2D fluid density-coupled flow, contaminant mass (salinity)
and heat transport occurring in the subsurface. It evaluates the
impact of seawater intrusion caused by groundwater pumping
and/or mining activities along coastal regions [10]. The
SEAWAT program is a coupled version of MODFLOW and
MT3DMS designed to simulate three dimensional finitedifference, variable-density and saturated ground-water flow.
Flexible equations were added to the program to allow fluid
density to be calculated as a function of one or more
MT3DMS species [25]. While FEFLOW and SEAWAT allow
transport for more than one solute, as is required for simulation of contaminant migration in the variable density flows of
coastal aquifers, SEAWAT is the more readily available of
these codes, being available free of charge from the U.S.
Geological Survey (U.S. Geological Survey, 2004) [14, 17].
In 2007, the State Oceanic Administration of the People’s
Republic of China started monitoring seawater intrusion in
chinese coastal waters. The activity helped establish the fact
that seawater intrusion is in serious condition particularly in
Liao Dong Bay area (Fig. 1) where coverage of seawater intrusion area is more than 4,000 m2 including serious intrusion
area of nearly 1,500 m2. The most remote region of seawater
intrusion is 68 km from the shore in Panjin City. (See the web
site, http://www.soa.gov.cn/hyjww/zghybnew/tkb/webinfo/2008/
01/1200912281939611.htm). It is a significant task to define
the seawater intrusion and to predict its extending area in
Liao Dong Bay coastal plain by numerical study. Li [26]
employed the software Visual MODFLOW for the first time to
study numerical seawater intrusion in the upper Neozoic layer
of the Liaohe Oil Field which is located in the south of the
lower Liaohe Plain. Xue [36] conducted the simulation of
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Fig. 1. A: Location of Liao Dong Bay coastal plain, China. B: blue line
indicates Liao Ning and red line the study area. C: the simulation
domain. (unit in meter).

groundwater level in the upper Neozoic using Visual
MODFLOW in Panjin area. For seawater intrusion problem, spatial variations in fluid density can markedly affect
ground water flow patterns [24]. In previous model studies
[26, 36] of Liao Dong Bay coastal plain area, these authors
used Visual MODFLOW software to calculate the quasi-threedimensional flows which have not considered groundwater
density variable and Quaternary layer salt water effect.
This study deals with numerical model on seawater intrusion in Liao Dong Bay coastal plain based on SEAWAT which
is a quasi-three-dimensional variable-density numerical model.
The simulation considers both the groundwater layers of Quaternary and upper Neozoic. Compared with previous studies,
this model has improved in two aspects. It considered groundwater density variable and seawater intrusion in Quaternary
and Neozoic layers. The total simulation period is 55 months
from October, 2004 to April, 2009. After the model calibration by using the observation data in April 2009, the calibrated
model was used to predict the extent of seawater intrusion for
the next 40 years assuming the same conditions in 2004.

II. BACKGROUND OF LIAO DONG BAY
COASTAL PLAIN
1. Site Description
The Liao Dong Bay coastal plain is located in the south of
Liao Ning province, China. The major study area is Panjin
city and part of Yingkou city, Jinzhou city and Haicheng city
as shown in Fig. 1. This area is rich in surface water, but the
annual rainfall runoff has been decreasing and water quality
has been degraded. About 50% of the city water and 100% of
industrial water depend on the groundwater in this area [11].
The average annual temperature is 8.4°C. The average
maximum temperature is 23.8°C in the summer and -9.7°C in
winter respectively. The average annual rainfall is 647.4
mm/year. 60% of the annual precipitation occur in summer
from June to September. The average annual evaporation is
1,568.6 mm/year.
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Fig. 2. Geologic cross-sections of the study area.

The study area is located in the central and southern Liao
Dong Bay coastal Plain. The terrain is flat and the northern
area is higher than the southern area. The elevation is 5-7 m in
the north and mostly under 5 m in the south. The terrain is
sloping from northeast to southwest and the average hydraulic
gradient is 0.02 ‰.
2. Stratigraphy
The subsurface stratigraphy of the study area consists of
sedimentary rocks ranging from the Cenozoic to Holocene in
age. There are two stratigraphies, Quaternary and Neozoic, in
the study area. The general east-west cross-section was constructed based on the geologic information as well as geologic
data from several drilled wells, LP14 ect, as shown in Fig. 2
[26, 35, 36].
1) The Quaternary Stratigraphy
In the study area, the Quaternary stratigraphy development
was essentially completed with thickness ranges from 65 to
400 m [11, 26, 35, 36]. The Quaternary stratigraphy from top
to bottom developed in the ages of Holocene, upper Pleistocene, middle Pleistocene and lower Pleistocene, and the corresponding genetic types of deposits are alluvium-marine,
alluvium, alluvium-diluvium, and diluvium. Quaternary stratigraphy from the new to the old is described as follows:
Holocene Stratigraphy (Q4p): It is Alluvium-marine. The
underlying layer is Pleistocene alluvium with thickness between 10 and 15 m. It consists of a yellowish to grayish brown

middle-fine to fine sand, clay and silt. At piedmont alluvial-pluvial fan, the major portion consists of sand and gravel
with thickness between 10 to 170 mm and quartz based mineral composition.
Upper Pleistocene Stratigraphy (Q3y): The Upper Pleistocene stratigraphy underlies the Holocene sediments and overlies the Middle Pleistocene alluvial sediments. It is between
50 and 60 m thick. Lithology is mainly fine sand or sub-clay
in the coarse sand lens sub-folder and the color is gray, gray
and yellow, and taupe. The plasticity of sub-clay is strong
loam, and iron disseminated widely. Fine sand or coarse sand
is good sorted rounded, mainly consist of quartz, feldspar and
so on. There is a stable sub-clay layer at the top of Upper
Pleistocene layer.
Middle Pleistocene Stratigraphy (Q2z): The Middle Pleistocene stratigraphy underlies the Upper Pleistocene alluvium
sediments on the system and has a thickness between 40 and
50 m thick. Lithology is mainly coarse sand, fine sand and
clay sub sandwich. The color is gray, grayish yellow or graygreen. Fine sand, coarse sand sorting rounded is normal, the
main mineral composition of quartz and feldspar. Sand distribution is more continuous while sub-clay layers are discontinuous. There is no recognizable divides between Upper
Pleistocene layer and Middle Pleistocene layer.
Lower Pleistocene Stratigraphy (Q1x): The lower Pleistocene stratigraphy underlies the Middle Pleistocene alluvium
sediments and has a thickness of more than 20 m. Lithology is
gravel mixed sub-clay and there are thin layers of sub-clay in
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some area. There is a stable sub-clay layer at the top and
bottom of lower Pleistocene layer. The color is gray, gray and
yellow, dark grey.
In summary, the Quaternary sedimentary rhythm in the
study area is clear and cyclic. The Holocene, upper Pleistocene and middle Pleistocene deposits have two or more cycles.
Because of the tectonic movement, the middle Pleistocene
deposit in this area extended toward further northwest than the
lower Pleistocene deposit and the Holocene deposit extended
further toward northwest than the middle Pleistocene deposit.
This is the overlap of the stacking features.
2) The Neogene Stratigraphy
The Neogene stratigraphy consists of upper Neozoic stratigraphy and lower Neozoic stratigraphy. The upper Neozoic
sedimentary is thick and is divided into Minghuazhen group
(N2m) and Guantao group (N1g) formations. There are volcanic
and volcaniclastic rocks with the foot and fluvial-lacustrine
clastic deposits. The fault is well-developed and sedimentation distribution is not uniform. Under the function of different sedimentation, there are seven high-angle normal faults
and the separation is 10 to 145 m. These faults broke thrust the
Minghua and Guantao formation [11, 26, 35, 36].
Minghuazhen Stratigraphy (N2m): The Minghuazhen group
is a lacustrine sediment divided into two belts. The top belt
forms a white sandrock from semi-coarse to semi-fine particle,
conglomerate with sand and sandrock with gravel. The particles were sorted well, gravel diameter is 0.5 to 20 mm, which
became slender from north to south. The bottom belt is gray
green to yellow brown development bedding and plant detritus
is composed of mudrock and conglomerate with sand. The
mudrock is attributed in the upper apex and partial deletion
with thickness from 4 to 8 m. The embedded depth of the
formation is between 100 to 400 m with shallow portion from
bilateral east-west to middle and deeper part from northeast to
southwest [11].
Guantao Stratigraphy (N1g): Guantao stratigraphy lies under the Minghuazhen group Formation with a set of coarse
clastic fluvial facies deposits, lithology single, gray-white,
light gray green conglomerate with boulders, small conglomerate, pebbly sandstone, sandstone mudstone. There are the
gray green mudstone, muddy silt layer or lens. Gravel diameter is generally 3-10 mm. The particles are sorted poor.
The embedded depth of the formation is between 350 to 1,200
m with shallow portion from bilateral east-west to middle and
deeper portion from northeast to southwest. The thickness of
the formation is generally 50-370 m with thicker and deeper
layer from bilateral east-west to middle and from northeast to
southwest. In the eastern and western parts of the study area,
the Guantao stratigraphy is missing.
The lower Neozoic is located below the upper Neozoic.
The upper part forms Dongying group formation (Ed) lithology which mainly consists of white, light gray sandstone and
glutenite and variegated mudstone. Its thickness ranges between 200 and 1,600m. The bottom layer is Shahejie group

formation (Es) which has a complex lithology.
3. Hydrogeology
Due to the high degree of variability and lateral discontinuity within the geologic units, aquifer zones are determined
upon their hydrogeologic characteristics. Hydrogeologic units,
utilized as groundwater sources in the study area, are described in Table 1.
Major groundwater source occurrences in the study area are
in the Quaternary layer with unconsolidated rock porosity and
in the upper Neozoic clastic rocks layer with the fracture and
the pores. The regional groundwater flow is mainly from
north to the Liao Dong Bay Sea, from western and eastern
mountain areas to the middle plain area.
1) Quaternary Pore Water
The Quaternary loosened deposits generally cover the
whole study area. Its maximum thickness reaches 370 m. The
major recharge of groundwater is vertical infiltration and the
major discharge is evaporation and artificial pumping.
At the eastern and western sloping piedmont in the study
area, groundwater mainly exists in alluvium and alluviumdiluvium sand, gravel, sandy gravel, and sandy gravel mixed
with soil pores. The thickness of its aquifer ranges from 70 to
160 m with hydraulic conductivity between 20 to 115 m/day
and groundwater depth from 3 to 10 m. The potential water
source per well is 7,000 m3/day in this rich water resource
region. In the alluvial plains on the northern study area, the
groundwater mainly occurs in the fine sand of marine red,
medium-fine sand, gravel, sand, and gravel mixed soil pores.
The aquifer has a thickness ranging from 150 to 280 m, a
hydraulic conductivity between 12 to 20 m/day, a groundwater
depth from 1 to 4 m, and a potential water source per well of
5,000 m3/day.
Salt water is generally distributed in the mid-southern
coastal plain where the groundwater mainly exists in pores of
alluvium-marine silt, fine sand, sand and gravel. In this water
resource generic region, the thickness of the aquifer ranges
from 70 to 360 m, the hydraulic conductivity is 8 to 14 m/day,
the groundwater depth is 0.5 to 3 m, and the potential water
source per well is 100 to 1,000 m3/day.
2) The Upper Neozoic Pore-crack Groundwater
The upper Neozoic water is divided into Minhuazhen group
and Guantao group. Fresh water exists in medium-grained
sandrock and conglomerate accumulated in rivers and lakes.
Minhuazhen Group Groundwater: The major recharge of
groundwater in Minhuazhen group comes from the rainfall
runoff of adjacent aquifer, the vertical infiltration of groundwater in the Quaternary layer, and the lateral recharge in an old
foundation base. The natural flow field of groundwater reflected the runoff flows slowly from east and west bilaterally
and north to southwest. In exploiting condition, the groundwater flow direction is changed and all surrounding groundwater is collected into the center. In natural condition, the
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Table 1. Hydrogeologic units.
Hydrogeologic unit
Aquifer zone
Geologic interval units
A1 (Quaternary)
Holocene
(alluvium-marine)
Upper Pleistocene
(alluvium)
A2 (Quaternary)

Middle Pleistocene
(Alluvium-Diluvium)
Lower Pleistocene
(Diluvium.)

A3 (Upper Neozonic) Minghuazhen group
A4 (Upper Neozonic) Minghuazhen group
(lacustrine sediment)

A5 (Upper Neozonic) Guantao group
(coarse clastic fluvial
facies deposits)

Unit character
Lithologic
Hydrologic
Sand, yellowish brown to grayish brown, Sand and gravel in unit comprise major aquifers. The upper aquifers are unconfined
middle-fine to fine sand, clay and silt.
Sand, gray, gray and yellow, taupe, fine sand and the lower aquifers are generally semior sub-clay in the coarse sand lens sub-folder. confined. In the east, west, and north, the
study area is mainly of fresh water. PotenStable sub-clay layer at the top.
Sand, gray, grayish yellow or gray-green, tial soure of water per well ranges between
3
coarse sand, fine sand and clay sub sand- 5,000 to 7,000 m /day. Salt water is generally distributed in the mid-south coastal
wich. Sub-clay layers discontinuous.
Sand, gray, gray and yellow, dark gray, plain. Potential soure of water per well is
3
gravel mixed sub-clay. Stable sub-clay layer 100 to 1,000 m /day.
at the top and bottom of lower Pleistocene
layer.
Mudstone and argillaceous siltstone. Im- Thickness is more than 3 m.
permeable layer.
White top belt sandrock from semi-coarse to Major aquifers comprised of sandstone and
semi-fine particles, conglomerates with sands, pebbly sandstone. Aquifers generally conand sandrocks with gravels.The bottom belt fined. Potential soure of 33.4 to 4,689
is gray green and yellow brown develop- m3/day of water per well.
ment beddings and plant detritus is composed of mudrock, conglomerate with sand.
Gray-white, light gray green conglomerate Major aquifers comprised of sandstone and
with boulders, small conglomerate, pebbly conglomerate. Aquifers generally confined.
sandstone, sandstone mudstone. There are the Potential soure of 273 to 4,992 m3/day of
gray green mudstone, muddy silt layer or lens. water per well.

groundwater discharges itself to southwest and the artificial
withdrawal is the only discharge way.
Minhuazhen group groundwater consists of freshwater
region and saltwater region. Saline water is divided into
three zones, namely, whole saline water zone, the upper saline,
and the lower freshwater zone. The whole saline water zone
is distributed in the middle of the saline water zone. Its
chlorine concentration is more than 1,000 mg/l. The upper
saline and the lower freshwater zone is distributed around the
whole saline water zone, where is the transition belt of the
saline and fresh water as shown in the Fig. 10(B). Its chlorine
concentration is more than 250 mg/l. Minghuazhen group salt
water occurs in the river and lake facies, paludal facies of
siltstone, fine sandstone, fine sandstone, coarse sandstone and
pebbly sandstone layer, and the water depth ranges from 230
to 450 m.
Minhuazhen group fresh water mainly occurs in fluvial facies, river and lake facies stratum of coarse sandstone, sandstone, pebbly sandstone and conglomerate. Its roof depth
ranges from 100 to 990 m, and the aquifer thickness is between
l0 to 900 m.
Guantao Group Groundwater: The occurrence of a major
Guantao group groundwater is in the fluvial facies deposits,
pebbly sandstone, conglomerate, fine conglomerate, and conglomerate boulder with a small amount of pores and cracks.
The rock cementation is poor and its aquifer thickness ranges
from 14 to 350 m. Groundwater level is generally -5 to -40 m.
The confined aquifer has a hydraulic conductivity of 0.8 to 9.2

m/day and the potential water yield per well is 273 to 4,992
m3/day.
4. Likely Causes of Seawater Intrusion
The first cause is the natural seawater intrusion in the layers
of primary sedimentation of marine bed. Several periods of
seawater intrusions into the coastal plain of Liao Dong Bay
due to earth crust uplifting and down-welling have been
known since the Neozoic era. After each period of seawater
intrusion, a large amount of marine sediment was deposited.
This is the major cause of saltwater intrusion into Liao Dong
Bay coastal plain where some original salt water has been
retained.
The second cause is anthropogenic. The increasing population growth has subsequently caused the excessive exploitation of groundwater and consequently damaged the balance
between salt water and fresh water, resulting in the increase of
seawater intrusion. In Ying Kou City and Jing Zhou City, due
to an excessive exploitation of groundwater, the groundwater
level has continued to decline, particularly in the region of
Ying Kou City where the freshwater table has reached below
the sea level in the funnel region.
In Liao Dong Bay coastal plain, there were three steps of
large-scale transgression of layers since the Quaternary period.
The first is the Pan Shan transgression layer in mid-Holocene
with thickness from 8 to 34 m. The second is the Pioneer
transgression layer in lower Pleistocene with thickness from
44.6 to 79.1 m. The third is the water resource transgression

III. NUMERICAL MODELLING
1. Simulation Code
SEAWAT code is a useful tool for simulating various types
of variable-density fluid flowing through complex geometries
and geological settings, including seawater intrusion in coastal
aquifers, submarine groundwater discharge, brine transport,
and groundwater flow near salt domes [27].
In this study, SEAWAT code, capable of simulating quasithree-dimensional variable-density groundwater flowing in
porous media, was used to simulate the seawater intrusion into
the coastal aquifers in the coastal plain of Liao Dong Bay. The
fundamental concept of this code is to combine the two
commonly-used groundwater flow and solute transport modeling programs of MODFLOW [18] and MT3DMS [37] into a
single program to solve the basic equations for densitydependent groundwater flow and solute-transport.
The governing equation for density-dependent groundwater
flow in terms of fresh water head, which is solved by
MODFLOW routines in SEAWAT code [17, 27], is as follows:
∂
∂α

 ∂hf ρ − ρf ∂Z   ∂

+
 ρ K fα 
 +
ρf ∂α   ∂β
 ∂α



 ρ K fβ
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layer in middle Pleistocene with thickness from 89.2 to 161.8
m. All of the groundwater contains salt water in the Quaternary layer in the south of Pan Shan area.
For the salt water in the Neozoic period, according to the
analysis of salt water occurrence media, underground salt
water distribution, water chemistry, and isotope characteristics
in the environment, it was found that the original underground
salt water of Minghuazhen group is from precipitation, and has
no connection with the sea water. The salt water of Minghuazhen group was sealed off from the residual of lake water after
its evaporation in the continental deposition environment [26].
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(1)
where α, β, and γ are orthogonal coordinate axes, aligned with
the principal directions of permeability; Kfα, Kfβ, and Kfγ , are
equivalent freshwater hydraulic conductivities in the three
coordinate directions, respectively [LT-1]; ρ is the fluid density
[ML-3]; ρf is the density of fresh water [ML-3]; hf is the
equivalent freshwater head [L]; Z is the elevation above datum
of the center of a model cell [L]; Sf is the equivalent freshwater
specific storage [L-1]; θ is the effective porosity [dimensionless]; C is the solute concentration [ML-3]; ρ is the density of water entering from a source or leaving through a sink
[ML-3]; qs is the volumetric flow rate of sources or sinks per
unit volume of aquifer [T-1]; and t is time [T].
The solute-transport governing equation of SEAWAT code
which uses MT3DMS routines [37] is as follows:

100000

N
q
∂C
= ∇ ⋅ ( D ⋅∇C ) − ∇ ⋅ (υ C ) − s Cs + ∑ Rk
∂t
θ
k =1

140000

(2)

where D is the hydrodynamic dispersion coefficient [L2T-1];
υ is the fluid velocity [LT-1]; C s is the solute concentration of
water entering from sources or leaving through sinks [ML-3];
and Rk(k = 1, …, N) is the rate of solute production or decay in
reaction k of N different reactions [ML-3T-1].
For a coupled variable-density flow and solute-transport
simulation, fluid density is assumed to be a function only of
solute concentration; the effects of pressure and temperature
on fluid density are ignored [22]. A linear equation of state is
used by SEAWAT code to convert solute concentration to fluid
density [17, 25]:

ρ = ρf +

 ∂h ρ − ρf ∂Z  
∂hf
∂ 
∂ρ ∂C
+  ρ K fγ  f +
+θ
− ρqs
  = ρ Sf
ρf ∂γ  
∂γ 
∂t
∂C ∂t
 ∂γ

80000

Fig. 3. Plan view of spatial discretization for the numerical model showing the inactive area (green) and the active area (white).

∂ρ
C
∂C

(3)

where ∂ρ/∂C is the slope of the equation. The value for ∂ρ/∂C
is a dimensionless constant having an approximate value of
0.7143 for salinity concentrations ranging from zero to 35
kg/m3 of seawater. For more details on SEAWAT, refer to its
user’s manual [17].
2. Model Discretization
In the plan view, the model grid consists of the grid system
of 60 columns and 60 rows with uniform spacing of 2.0 km
(NS-direction) and 2.33 km (WE-direction), respectively
(Fig. 3).
In the vertical direction, the model grid consists of four
layers representing the hydro-stratigraphy of Liao Dong Bay
coastal plain (see Figs. 4 and 5). The right figure is the
cross-section passing through the coastal plain of Liao Dong
Bay showing hydrogeologic units and vertical view of spatial
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Fig. 4. The west to east cross-section showing the hydrogeologic units and vertical spatial discretization of the study area.
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Fig. 5. The south to north cross-section showing the hydrogeologic units and vertical spatial discretization of the study area.

discretization for the quasi-three-dimensional numerical
model. For the left map, the red line shows the location of the
cross-section, the green color area is the inactive area and the
white area represents the active area.
Layer A1 corresponds to the Holocene (Q4p) and Upper
Pleistocene (Q3y) Quaternary aquifers. Layer A2 corresponds
to the Middle Pleistocene (Q2z) and Lower Pleistocene (Q1x)
Quaternary aquifers. Layer A4 represents the Minhuazhen
groupaquifer that is a confining layer. Layer A3 is an existing
aquitard between layers A2 and A4 aquifers and is assumed
impermeable. In this model, the bottom boundary (A5) is set
as Guantao group aquifer and lower Neozoic aquifer (See
Table 1). Thickness of model layer is determined by the occurrence of sand and clay layers documented in well driller’s
reports archived by the Liao Ning Hydrogeology and Engineering Geology Exploration Institute [35].
A cross-section of the model from west to east is shown in
Fig. 4, while a south to north cross-section of the Liao Dong
Bay is depicted in Fig. 5. On both figures, units of distance
and elevation are in meters, the red line represents the location
of the cross-section and the green and the white cells indicate
the inactive and active computational cells, respectively.
A total of 55 stress periods, from October, 2004 to April,
2009, was used in the model simulation with the time step of
one month.
3. Hydrogeological Parameters
The zoning map of the hydraulic conductivity was created
using the data determined by pumping tests conducted at the
time of well completion and recorded in well driller’s logs.

Averaged values of hydraulic conductivities in each zone were
used. Considering the size of zone, model’s hydraulic conductivities were adjusted during model calibration. Representative properties of the study area (Table 2) were assigned
to the model cells. Hydraulic conductivity of the aquitard was
determined to be 4.32 × 10-4 m/day in Layer A3 and assumed
to be constant inside the whole aquitard. The vertical hydraulic conductivities in all layers were assumed to be 10% of
the horizontal hydraulic conductivities.
Recharge was applied to the most active upper layer.
Monthly precipitation data were obtained from the China
Meteorological Data Sharing Service System. An averaged
evapotranspiration rate was calculated as 4.298 × 10-4 m/day.
The effective porosity was set from 0.15 to 0.25 as an initial
guess. The longitudinal dispersivity was set at 10 to 40 m in
the flow system based on the injecting tests conducted at the
time of well completion (from the well driller’s logs). The
ratio of horizontal transverse dispersivity to the longitudinal
dispersivity was assumed to be 0.1. On the other hand, the
ratio of the vertical transverse dispersivity to the longitudinal
dispersivity was assumed to be 0.01. These values, when
necessary, were adjusted during the model calibration.
4. Boundary and Initial Conditions
Since the model was set up to simulate the seawater intrusion into the coastal aquifers, both groundwater flow and
solute transport processes were simultaneously involved with
consideration of the boundary conditions. For the flow computation, the boundary conditions (Fig. 6) were set as constant
head boundary with crimson line in Layer A1 (Fig. 6(a))
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Table 2. Input parameters for the model and simulation strategies for this study.
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Parameter
Hydraulic conductivity (Kx, m/day)
Hydraulic conductivity (Ky, m/day)
Hydraulic conductivity (Kz, m/day)
Total porosity
Effective porosity
Specific storage
Specific yield
Longitudinal dispersivity (m)
Horizontal/Longitudinal dispersivity
Vertical/Longitudinal dispersivity
Molecular diffusion (m2/s)
Freshwater density (kg/m3)
Seawater density (kg/m3)
Constant head (m)
Recharge concentration (mg/L)
Constant head concentration (mg/L)
Initial Concentration
Recharge

Layer A1
40~75
40~75
4~7.5
0.23~0.3
0.15~0.25
0.00018~0.00022
0.18~0.22
10~40
0.1
0.01
1.0 × 10-9
1000
1025
2
0
7000~12000

(a)

80000

Constant head boundary

40000

60000

River boundary

0

20000

No-flow
boundary
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0
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(b)

0

20000

40000

60000

80000

Constant head boundary

0

20000

40000

60000

80000

100000

140000

Fig. 6. Flow boundary conditions for each layer of the numerical model:
(a) Layer A1, and (b) Layers A2 and A4.

Layer A2
25~55
25~55
2.5~5.5
0.23~0.3
0.15~0.25
0.00018~0.00022
0.18~0.22
10~40
0.1
0.01
1.0 × 10-9
1000
1025

Layer A3
0.000432
0.000432
0.000013
0.000017
0.000015
0.00001
0.001
0.0027
0.1
0.01
1.0 × 10-9
1000
1025

Layer A4
4~10
4~10
0.4~1
0.3
0.15
0.0001~0.0002
0.15~0.23
10~35
0.1
0.01
1.0 × 10-9
1000
1025

6500
6500
Based on observation data
Based on observation data

which was set by the no-flow boundaries (Fig. 6(a), pink line)
at the northwestern and southeastern mountain edges. The
blue color line is river boundary. The specified hydraulic head
values either 2 m (the mean sea level) or interpolated values
from the measured water heads along the boundaries. The
flow boundaries of layers A2 and A4 were set as constant head
boundary according to the observed data in October, 2004.
The green color area is the inactive area and the white color
area represents the active area.
Streams and rivers (Fig. 6(a), blue line) were specified with
the river package of the SEAWAT code. Width, depth, and
river stage of river were determined from the observed data in
Linghai, Liujianfang, Tangmazhai and Xingjia stations (Fig. 3)
while the width, depth and river stage at the river mouth were
determined from topographic maps. Based on the observed
data of stations and river mouth, width, depth, and stage of
each part of the river were then interpolated.
The concentration level of Total Dissolved Solids (TDS),
Sodium (Na) and Chloride concentration (Cl) are normally
used as verifiable indicators for seawater intrusion. However,
due to the lack of data on TDS and Na, Cl is considered as the
simulated component in this study for the solute transport
computation. At any specific location in the aquifer, seawater
intrusion is considered present if Cl rises above 0.25 kg/m3,
according to the rule set up by the Department of Health [30].
The Cl in sea water is approximately 12 kg/m3. In the Layers
A1, A2 and A4, the boundary conditions are set as the constant
concentration boundary (Fig. 7). As the A1 aquifer is in contact with the surface water, Cl along the coast was specified at
12 kg/m3 (Fig. 7(a), lightblue line), and 7 kg/m3 (Fig. 7(a),
green line) in the river mouth area where mixing of fresh
water with seawater was considered. Cl along the coast was
set as 6.5 kg/m3 in the A2 aquifer. Salt concentration of river
water was determined from the observed data in Linghai,
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Fig. 8. Location of head observation wells (black dot points) used in
model calibration.

Constant concentration boundary

correlation coefficient: 0.982
mean error: 0.886
root mean square error: 0.987
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Fig. 7. Transport boundary conditions for each layer of the numerical
model: (a) Layer A1, and (b) Layers A2 and A4.

Liujianfang, Tangmazhai and Xingjia stations (see Fig. 3).
And each part of river Cl can be interpolated between the
observed data and river mouth data. On the other boundary,
the Cl value was set at 0.05 kg/m3. Throughout the computation, values of the Cl in October, 2004 were assumed constant
at the boundary conditions. The green color area is the inactive area and the white color area represents the active area.

IV. MODEL CALIBRATION
The model calibration was conducted through a trial-anderror approach by adjusting the zonation and values of the two
key parameters, i.e., hydraulic conductivity and effective porosity. The hydraulic head was computed using SEAWAT
until it matches the observed value with a satisfactory level.
However, due to the scarcity of observed Cl, no attempt was
made to adjust several transport parameters, including dispersivity and recharge rate. These values remained the same
as the initial assigned values. Furthermore, because of the lack
of continuously monitored hydraulic head data, the model was
only calibrated against the observed hydraulic heads at the end

-10
-10

-5
0
Observed heads (m)

5

Fig. 9. Scatter diagram showing the relationship between the observed
and calculated heads in April, 2009.

of simulation. During calibration, a total of 18 observed hydraulic head measured in April, 2009 were used. All the observation wells are shown in Fig. 8. Model calibration was
stopped when a reasonable match between the observed and
calculated heads is achieved.
Fig. 9 shows that an overall correlation coefficient of 0.982,
a mean error of 0.886 m and a root mean square error of 0.987
m were obtained by the model calibration. This indicates a
reasonably good match between the observed and calculated
heads. Residuals between the observed and calculated heads
are also listed in Table 3. After model calibration, the resulting
horizontal hydraulic conductivity for Layers A1, A2 and A4
ranged from 3 to 80 m/day, while the resulting effective porosity was from 0.14 to 0.3. It is noteworthy that the model
calibration of this study is of preliminary nature due to the
limited number and duration of the observation data. Additional model calibration should be implemented when more
data become available in the future.
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V. RESULTS OF SEAWATER INTRUSION
AND DISCUSSIONS
Prediction of the extent of seawater intrusion in coastal
aquifers in Liao Dong Bay coastal plain for the next 40 years
after April, 2009 was carried out by running the calibrated
computation 40-year forwards with all the conditions assumed
to remain the same as those in 2004. The predicted extents of
seawater intrusion in Layers A1, A2 and A4 (Fig. 10) show the
further seawater intrusion occurrence even if all the hydrogeological conditions remained constant. Fig. 10(A) shows
that the maximum extent of seawater intrusion will increase
4.3 km in Layer A1 and 6.2 km in Layer A2 toward north in
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The simulated extent of seawater intrusion into the aquifer
Layers A1, A2 and A4 in April, 2009 is depicted in Fig. 10.
Compared with that in October, 2004, the extent of seawater
intrusion expanded, indicating that further seawater intrusion
occurred from October, 2004 to April, 2009. As shown in Fig.
10, seawater intrusion in Layer A2 is considerably faster than
that in Layers A1and A3 in April, 2009.
The simulated extent of seawater intrusion into the aquifer
Layers A1, A2 and A4 in April, 2009 is depicted in Fig. 10.
Compared with that in October, 2004, the extent of seawater
intrusion was expanded, indicating that further seawater intrusion occurred from October, 2004 to April, 2009. As shown
in Fig. 10, seawater intrusion in Layer A2 is considerably
faster than that in Layers A1and A3 in April, 2009.

0

20000

3.822999

100000

X-Model

80000

Observed Calculated Residuals
Heads (m) Head (m)
(m)

Well ID

(A)

60000

Table 3. Results of observed and calculated heads with
residuals

119997

Journal of Marine Science and Technology, Vol. 22, No. 2 (2014 )

112

0

Fig. 10. The extent of seawater intrusion in Layer A1 (A), Layer A2 (B)
and Layer A4 (C) in October, 2004 (dashed green line), April
2009 (dashed blue line), and April, 2049 (dashed red line).

the research area for the next 40 years. In the southwestern and
northeastern area, the extent of seawater intrusion becomes
smaller than that in the other areas. Comparing Fig. 10(A),
10(B) and 10(C), it can be described that the seawater intrusion
in Layer A2 becomes significantly faster than that in Layers A1
and A3. Fig. 10(C) shows that the maximum extent
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Fig. 11. The vertical distribution of Cl in April, 2049 along the south-north cross-section with unit in g/m3.

of seawater intrusion in Minghuazhen group layer will increase
2.8 km toward northwest in the research area, the highest velocity of seawater intrusion is 62.2 m/yr in Minghuazhen group
aquifer of this study. The results of Li [26] show that the average seawater intrusion velocity is 3.066 m/yr in Minghuazhen
group aquifer, and the velocity of high seawater intrusion area is
between 18.7 and 364.3 m/yr. In Guantao group aquifer, the Cl
slightly differs from Li’s results [26]. In this model, Guantao
group aquifer is treated as bottom boundary.
The predicted vertical distribution of Cl in April, 2049 is
shown in Fig. 11. For the left and right figures, the green color
area is the inactive area and the white area is the active area.
For the left figure, the red line represents the location of the
cross-section. It shows that the intrusion occurred in two ways
[28]: one is the advancement of the salt wedge at the bottom of
the aquifer due to the density difference between salt water
and fresh water (see Fig. 11, Layer A2). The other is the infiltration of salt water through the beach (see Fig. 11, Layer
A1). It also can be described that the seawater intrusion in
Layer A2 will become larger than those in Layers A1 and A3.
In the prediction model, all the conditions were assumed to
remain the same as those in October 2004. With the continuously growing population, the demand for groundwater
pumping will increase. It can be expected that the actual extent of seawater intrusion in the future will be severer than the
model prediction.
In this study, a quasi-three-dimensional model was constructed to simulate and predict the seawater intrusion in Liao
Dong Bay coastal plain. To obtain a more realistic result, it is
better to construct a three-dimensional model and using time
series data to calibrate the model. For seawater intrusion,
three-dimensional observation network for long-term observation is not available for the study area. It is therefore necessary to set up such observation network in this area. In
addition, because of the lack of precise terrain data of the
beach, this study considered ocean boundary as vertical beach
slope. Ataie-Ashtiani et al. [7] analyzed the effect of the vertical beach slope and the sloping beach in seawater intrusion in
unconfined aquifers and found out that in the steady-state case,
the vertical beach slope resulted in a little further inland than
the sloping beach case. In the future research, it is better to use
a sloping beach ocean boundary.

This study did not consider the tidal effect on seawater intrusion and the impacts of fluid viscosity variations caused by
temperature changes [25]. The results of Ataie-Ashtiani et al.
[7] showed that the tidal activity forces the seawater to intrude
further inland and it also creates a thicker interface than the
case without tidal effects in unconfined aquifers. Seven case
studies have been done in his study to analyze the seawater
intrusion effect by the saturated hydraulic conductivity, tidal
amplitude, regional hydraulic gradient and beach slope [7].
The effects of tidal, temperature variation and others sensitivity analysis of seawater intrusion should be emphasized in the
further research.
Essink constructed a three-dimensional large-scale coastal
aquifer model in the northern part of the province NoordHolland, the Netherlands to investigate its seawater intrusion.
The entire groundwater system is covered by a grid with an area
of 65.00 × 1.25 km2. The horizontal element size is 1250 ×
1250 m [32]. Arlai et al. used the numerical model to investigate the seawater intrusion problem in the Bangkok Coastal
Aquifer System with grid sizes varying from 2 × 2 km to 16 ×
16 km [3-6]. In the model, it is a large-scale coastal aquifer,
the plan model grid consists of the grid system of 60 columns
and 60 rows with uniform spacing of 2.0 km (NS-direction)
and 2.33 km (WE-direction), to save the hard disk space and
calculation time. Smaller grid size in the seawater intrusion
simulation can estimate the head values more accurately.
Computation with smaller grid size and non-uniform grid (e.g.
smaller grid size near the shore and larger at land side), may
show some differences on the Cl results. However, the trend of
seawater intrusion might be the same. It is important to use the
smaller grid size and non-uniform grid size to analyze small
fluctuation of seawater intrusion in the simulation.
To protect the groundwater resources in the coastal aquifers
of this study area from the seawater intrusion, regional water
resources assessment and optimal allocation study should be
done. It is recommended that some protection schemes, such
as operational controls (e.g., pumping and well-construction
restrictions) and engineering works (e.g., artificial recharge
schemes and cut-off wall schemes), should be established
based on the regional water resources assessment and optimal
allocation study. Specifically, it is necessary to reduce groundwater abstraction in Minghuazhen group aquifer.
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VI. SUMMARY AND CONCLUSIONS
Groundwater is the important source of fresh water in Liao
Dong Bay coastal plain in Liao Ning, China, where 50% of
the domestic water and the whole industrial water depend on
the groundwater [11]. Therefore, it is imperative to protect
groundwater from seawater intrusion in this area.
To predict the extent of seawater intrusion in the future
and provide useful information for the protection of groundwater resources, a quasi-three-dimensional numerical model
of density-dependent groundwater flow and miscible salt
transport was developed, and the future condition of seawater
intrusion in the study area was assessed. The developed
model incorporated regional geologic, geographic, and hydrogeological features. The model input parameters were
determined from analysis of well logs, well driller’s reports,
and pumping tests. SEAWAT code was employed in the numerical study for the coupled density-dependent flow system,
in which MODFLOW and MT3DMS were combined to
simulate groundwater flow and solute transport. The prediction results show that the maximum extent of seawater intrusion will increase 4.3 km in Layers A1 and will increase 6.2
km in Layers A2 toward north within 40 years. In the southwestern and northeastern area, the extent of seawater intrusion
will increased smaller than other area. The seawater intrusion
in Layer A2 was significantly faster than that in other two
Layers. As a continuous increase in population, the demand
for groundwater pumping might be more intensified. Then it
can be expected that the actual extent of seawater intrusion in
the future might be more severe than the model prediction. So
it is very important to protect the freshwater aquifers from salt
water contamination in the study area.
Due to the scarcity of the observed Cls and continuously
monitored head data, the model can only calibrated with the
hydraulic heads observed in April, 2009. For this calibration,
a total of 18 observed hydraulic head values were used resulting in good agreements between the observed and calculated hydraulic heads. An additional calibration will be necessary in the future when more data become available.
This study constructed a new numerical model that can
analyze and predict the extent of seawater intrusion in Liao
Dong Bay coastal plain in both Quaternary and Neozoic layers.
The main numerical code employed in the modeling is
SEAWAT that is an effective tool for simulating variabledensity flow and transport under complex geometries and
geological settings. The developed computational model in
this study may provide a valuable information for the study of
seawater intrusion in coastal aquifers under similar hydrogeological conditions.
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